We report on a pronounced redistribution of the local electronic density of states at the graphite surface, which is induced by the presence of low energy hydrogen-ion induced point defects. Scanning tunneling microscopy reveals standing waves in the local density of states, which are due to backscattering of electron wave functions at individual point defects. The superstructure thereby formed is directly related to the pointlike structure of the Fermi surface of graphite. For high defect density interference patterns are observed which sensitively change structure on the relative positions of the defects. These patterns could be reproduced by tight binding simulations of various defect distributions. The presence of defects induce strong modifications on the local electronic properties of cristalline solids. These modifications have been thoroughly investigated on metal surfaces where they are known as Friedel oscillations and manifest as standing waves on the electronic density spanning regions up to ϳ10 nm from the defects. 1-3 The observed standing wave patterns on metals and high temperature superconductors could be linked to the electronic structure even for complex patterns. [4] [5] [6] The long range character of the electronic density standing waves allows, for instance, for indirect interaction between atoms adsorbed on surfaces, leading to adsorbate overlayer structures showing the same periodicity as the oscillations. 2 Similar long range oscillations have also been observed on graphite surfaces [7] [8] [9] and in carbon nanostructures 10-12 where they have even been used for the realization of single molecular electronic devices. 12 In this work we report on the scattering of graphite -electrons due to single and multiple point defects as observed by STM. The high density of defects, due to the multiple scattering of the electrons, produces a rich variety of patterns strongly departing from the ones observed from isolated defects. Experimental findings will be compared with two models, one phenomenological, based on the superposition of plane waves and one explicit, based on tight binding ͑TB͒ simulations that will allow us to address different aspects of point defect scattering in graphite.
The presence of defects induce strong modifications on the local electronic properties of cristalline solids. These modifications have been thoroughly investigated on metal surfaces where they are known as Friedel oscillations and manifest as standing waves on the electronic density spanning regions up to ϳ10 nm from the defects. [1] [2] [3] The observed standing wave patterns on metals and high temperature superconductors could be linked to the electronic structure even for complex patterns. [4] [5] [6] The long range character of the electronic density standing waves allows, for instance, for indirect interaction between atoms adsorbed on surfaces, leading to adsorbate overlayer structures showing the same periodicity as the oscillations. 2 Similar long range oscillations have also been observed on graphite surfaces [7] [8] [9] and in carbon nanostructures [10] [11] [12] where they have even been used for the realization of single molecular electronic devices. 12 In this work we report on the scattering of graphite -electrons due to single and multiple point defects as observed by STM. The high density of defects, due to the multiple scattering of the electrons, produces a rich variety of patterns strongly departing from the ones observed from isolated defects. Experimental findings will be compared with two models, one phenomenological, based on the superposition of plane waves and one explicit, based on tight binding ͑TB͒ simulations that will allow us to address different aspects of point defect scattering in graphite.
Samples of highly oriented pyrolithic graphite ͑HOPG, quality ZYB͒ were cleaved in situ under ultrahigh vacuum conditions. Exposure of the clean graphite surface to a H 2 electron cyclotron resonance ͑ECR͒ plasma created stochastically distributed point defects. A typical ion dose used for the treatment was of the order of 10 13 ions/ cm −2 . The average ion energy of ϳ2 eV, has been determined with an electrostatical analyzer. After plasma treatment, the sample was transferred to the vacuum-connected atomic force/scanning tunneling microscope ͑AFM/STM, Omicron͒ working under ultrahigh vacuum conditions at room temperature. Measurements were performed in the combined AFM/STM mode using the normal force as feedback signal and applying a fixed bias voltage between the sample and the tip. The recording of the piezo z-position and the tunneling current allows the simultaneous determination of the topography and the LDOS. For this measurement mode we used AFM tips coated with highly conductive boron doped CVD-diamond. In the absence of defects the usual trigonal structure with maxima in the LDOS on every second atom of the top layer is observed. 14 Figure 1 shows an overview current image ͑U =70 mV͒ of a sample that has been exposed to H 2 -plasma for 3 s. The hydrogen plasma treatment results mainly in the formation of two kind of defects, firstly chemisorbed hydrogen on the basal plane of graphite and secondly single atomic vacancies. 8, 13 The number of observed carbon vacancies was four times lower than the number of hydrogen chemisorption sites. Both types of defects lead to a strong modification of the local electronic structure near the Fermi level, as observed in the current image. The symmetry of the shortranged ͑ϳ1 nm͒ modifications is related to the geometric structure of the defect. 7 In particular, atom vacancies have been shown to give rise to a local charge enhancement having a threefold symmetry, reflecting the nearest-neighbor directions of the defect site. Besides of these very local modifications, defects also mediate a redistribution of the electron density on a larger scale. For chemisorbed and vacancy type defects on graphite, the characteristic length of modifications of the electronic charge density was found to be ϳ5 nm. The observed standing waves have a periodicity larger than, but commensurate with the underlying graphite lattice. From the Fast Fourier Transform ͑FFT͒ of current images in the vicinity of defects, the electron density reconstructs as a ͑ ͱ 3 ϫ ͱ 3͒R30°superlattice. The extent of the charge redistribution near defects is seen in the enhanced corrugation of the current signal. Comparing line profiles of the undisturbed lattice ͓Fig. 1͑b͔͒ with line profiles of a region where the ͱ 3-superstructure dominates ͑c͒, an enhancement of the current corrugation by a factor of about 3 is found.
To understand the origin of the ͑ ͱ 3 ϫ ͱ 3͒R30°-superstructure induced by defects a closer look at the electronic structure of graphite is needed. The Fermi surface of graphite consists of small electron and hole pockets enclosing a very small volume. These pockets are centered at the corners of the Brillouin zone ͑BZ͒, i.e., at the K points. Figure 2͑c͒ shows the calculated band structure of graphite for the high-symmetry line ⌫-K. The Fermi energy ͑E F ͒ electrons have wave vectors k F =4 /3a directed towards a corner of the Brillouin zone ͓where a is the lattice constant of graphite ͑a = 2.46 Å͔͒. At the K point, the interaction between the graphene layers, though weak, lifts the degeneracy of the bands which results in a splitting of 0.7 eV for the band related to the ␣-atom ͑located above an atom of the adjacent layer͒, whereas the band related to the ␤-atom remains unchanged ͓Fig. 2͑c͔͒. Along the K-H line, the ␤-related band is localized on the ␤-atom with E = E F , whereas the ␣-related band is dispersive. 14 It has been proposed that the asymmetry between ␣ and ␤ sites observed in STM images of graphite results from the fact that the STM maps the local density of states integrated along the K-H line. 14 However, we like to point out that the imaging mechanism of STM on graphite is still controversially discussed and that also mechanical interactions between the surface atoms and the tip apex atoms need to be considered. 15 For graphite, backscattering of electrons at surface steps or point defects is possible via two scattering channels. First, small momentum scattering, which is possible via coupling between bands crossing at the K point, since their opposite slopes describe a forward and a backward moving channel. Small momentum scattering locally conserves the lattice periodicity, although not necessarily the rotational symmetry, as found by simulations for carbon nanotubes. 17 The second possibility for reflection at defects is large momentum scattering between two opposite K points. In this case, the momentum changes from K to KЈ which corresponds to q =−2k F . On metals large momentum scattering of surface states is responsible for the formation of Friedel oscillations. Since in these cases the surface state electrons behave like a quasi-free electron gas, there is no definite relation between k F and the reciprocal lattice vectors and oscillations in these systems are not commensurate with the underlying atomic lattice. 3 In contrast, for graphite there is a definite relation between the lattice and the Fermi wave vectors, since they coincide with the corners of the BZ. The relation between the momentum change for large momentum scattering and the lattice parameter is given by q =2k F =8 /3a. The required momentum change is reduced to q = k F if an appropriate reciprocal lattice vector is taken into account: q =−2k F = k F + G ͓Fig. 2͑a͔͒. Therefore, a modulation of the LDOS with a wavelength that corresponds to the Fermi wavelength F =3a / 2 is expected for large momentum scattering on graphite. Figure 2͑b͒ shows the Fast Fourier transform ͑FFT͒ of the large scale current image, Fig. 1. Compared to a FFT Fig. 1 . The spots forming the inner hexagon represent the ͱ 3-superstructure observed in the vicinity of defects. Spots forming the larger hexagon rotated by 30°appear at wave vectors that correspond to reciprocal lattice vectors G. The outermost spots arise from the second harmonic of the inner hexagon. The spot at k =0 is due to the local charge enhancement at the defects sites and has been removed for better visibility of the relevant features. ͑c͒ Band structure of graphite along the high-symmetry line ⌫-K ͑Ref. 16͒.
␣ and ␤ denote bands related to the ␣-and ␤-atom, respectively. The momentum change required for large momentum scattering is indicated. unperturbed lattice, new peaks appear at smaller wave vectors which match the corners of the Brillouin zone, i.e. the Fermi wave vectors. In the real space image, this superstructure is observed as a ͑ ͱ 3 ϫ ͱ 3͒R30°modulation of the LDOS in the vicinity of defects. This shows the direct relation existing between the Fermi surface contour and the observed pattern of the standing waves in the vicinity of scatterers.
The observed pronounced ͱ 3-superstructure in the LDOS indicates that large momentum scattering is the dominant reflection mechanism in the presence of point defects on graphite.
On samples with low defect density a decay of the intensity on the superstructure spots in the FFT is observed. In fact, for isolated defects, the superstructure extends over a typical range of 20-25 lattice constants and the phase, amplitude, and decay of the standing wave reflect the structure and symmetry of the defect, which could, in principle, be used for the identification of defects. 3, 7 For increased defect densities new standing waves in the LDOS will be expected due to scattering from different defects. In our sample such patterns have been observed on defects typically 20 Å apart. Figure 3 shows small area details of the overview current image shown in Fig. 1͑a͒ . The images displayed in ͑b͒-͑e͒ are recorded in-between defects separated by only a few nm's. These areas are all dominated by the ͱ 3-superlattice contribution and show the variety of patterns in the LDOS originating from different defects relative positions. For comparison, the current image of a region with low defect density is given in ͑a͒ showing the usual graphite lattice periodicity described by the reciprocal lattice vectors G i .
The pointlike nature of the scattering defects results in the conservation of the phase relation only along the connecting line between two scattering centers. For all other directions the geometric phase shifts will vary with position resulting in spatially changing interference patterns.
The observed patterns could be reproduced by a model of superposed plane waves suggesting a local description of the states near the Fermi level of the form of
where j are complex amplitudes representing the different contributions to the standing wave pattern. These amplitudes implicitly include the scattering phase shift at the defects and the geometrical phase shift, which depends on the relative position to the defects. 19 The coefficients have been fitted in order to reproduce the experimentally observed LDOS where images ͑f͒-͑i͒ of Fig.  3 show the calculated spatial distribution of ͉͑r͉͒ 2 using Eq. ͑1͒. The good agreement between the calculated and the measured LDOS confirms the validity of this model for the description of the standing wave due to multiple point defect scatterers in graphite. It also shows that the LDOS in the region between defects is dominated by standing waves with Fourier components that correspond to the Fermi wave vectors k Fj . Together with the absence of rotational symmetry breaking for isolated defects, 8, 18 this evidences large momentum scattering as being the dominant channel for reflection at point defects.
The effect of the graphite defects was also simulated quantum chemically with a -electron tight-binding model that implements periodic boundary conditions through Green functions. 7, 20 The objective of these calculations was to evaluate directly the patterns that arise from the different relative positions, distances, and nature of the vacancy sites, ͑␣ or ␤͒.
In line with a previous report, 20 a single vacancy enhances the electron density near the Fermi level of the sites of opposite nature. In particular, some of the ␣ sites, not visible at low bias in nondefective graphite, become visible in the presence of a nearby ␤ vacancy, while ␣ vacancies further enhance ␤ carbon atoms, which are the only ones visible in the absence of defects.
The different patterns were obtained displacing systematically two defects in a graphite unit cell containing 2918 atoms and a linear dimension of 66 Å. Test simulations were also performed on a system comprising 6400 atoms yielding similar patterns.
As an example, the quantum chemical images of four double vacancy cases are illustrated in Figs. 3͑j͒-3͑m͒ . The defect positions are defined by two parameters, the distance, and, in analogy with the widely accepted structural description of carbon nanotubes, the angle , 21 which can vary between 0 and 30°. From Figs. 3͑j͒-3͑m͒ , the cases considered are ␤-␤ , ␣-␤ , ␤-␤ , ␣-␤, with distances 29.52 Å, 29.34 Å, 33.27 Å, and 31.14 Å, and angles 0, 22.78°, 3.67°, and 9.19°. The quantum chemical calculations on a cell with two vacancies yield four motifs that are remarkably different from one another despite the relatively small geometrical differences. They therefore show that slight variations of the relative positions of the defects induce strong changes in the patterns. Interestingly, three cases closely match the experiments.
Further physical insight emerges lowering the bias in the simulations below 0.05 eV. This is equivalent to consider contributions only from levels at/near the Fermi energy. At these low biases, single vacancy presents contributions to the LDOS only from sites of opposite nature and defects on both sites produce equivalent patterns. The same occurs for double vacancies where ␣-␣ and ␤-␤ have also equivalent images. In fact the only differences between patterns are ͑1͒ the absolute value of the electronic density ͑larger for ␣ sites͒ and ͑2͒ the orientation of the standing wave pattern near the defect. 20 The equivalence of the calculated pattern shows that the scattering phase shift for ␣ and ␤ single vacancies and for same site vacancy pairs are the same at the Fermi energy. Notice that this differs for ␣-␤ pairs.
In conclusion, we have observed a marked redistribution of the LDOS in the vicinity of point defects on the graphite surface. The point defects, consisting of hydrogen chemisorbed sites and atomic vacancies, break the lattice symmetry and act as scatterers for the delocalized electrons. The resulting standing waves have wave vectors that correspond to the Fermi wave vectors k Fj and are thus observed as a ͱ 3-superstructure in the tunneling current image. For isolated defects, the typical range observed for the charge redistribution is of ϳ5 nm. For samples with high defect densities we observe a variety of patterns in the LDOS which depart from the single defect ones and depend on the relative position of the point defects. The experimentally observed patterns in the LDOS could be locally reproduced by a simulation where the standing waves are described as a superposition of plane waves having wave vectors that correspond to the corners of the first BZ, indicating large momentum scattering as the dominant channel for reflection at point defects.
TB simulations of different configurations of carbon vacancies also reproduced the experimental patterns revealing a strong dependence on these patterns, with subtle changes in the LDOS for small variations of the relative position of defects. At the Fermi energy single ␣ and ␤ vacancies have the same scattering phase shift. Analogously, ␣-␣ and ␤-␤ defect give equivalent patterns which shows that the phase shift may be conserved also in the case of multiple scattering.
Besides the influence on the transport properties due to scattering at the point defects, a modulation of the local reactivity for chemically adsorbing atoms has to be expected due to the marked redistribution of the LDOS in the vicinity of the defects.
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